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INTRODUCTION 

The State of Hawaii is a leading producer of sugarcane and 
pineapples. The phytomass waste that results from this production is 
mainly burned to generate electric power. To use lignocellulose 
materials more effectively some programs are under development. One 
of the most promising seems to be the conversion of phytomass under 
pressure and temperature higher or near the critical point of the 
solvent into chemicals. Near this point the chemical and physical 
properties of solvent are both liquid- and gas-like and the fluid 
could be very useful for production of chemicals with higher yields 
and selectivity obtained using more conventional conditions. The 
factors affecting supercritical (SC) processing are solvent, 
catalyst, parameters of the reactor and accesibility of substrate. 

The dehydration of cellulose and chitin in supercritical acetone 
resulted in the formation of anhydrosugars with acceptable yields 
(1). We used water as a solvent because of its excellent 
characteristics as a solvent for carbohydrates, its ionic strength, 
and lower solubility of dehydration products. The reactions which we 
could suppose to take place under SC conditions in the presence or 
without inorganic acids or bases are mutarotation, epimerization, 
dehydration, degradation reaction to levulinic acid, saccharinic 
acids, as well as, aldol- and retro-aldol reaction. From all the 
products the most important seems to be 1,6-anhydro- -D-glucopyra- 
nose, 5-hydroxymethylfuraldehyder 2-furaldehyder and levulinic acid. 

Most of the authors who studied production of chemicals from 
phytomass o r  its model compounds under SC conditions used batch or 
semi-continuous reactors (1-6). The negative effect of these reactors 
on reactions taking place are diminished heat transfer, lower repro- 
ducibility, and industrial applicability in comparison to flow 
reactors. In this paper we discuss the processing of D-glUCOSe using 
the SC flow reactor under sub- and supercritical conditions. 

EXPERIMENTAL 

Prior to the initiation of flow, the system is brought up to 
pressure by an air compressor. Premixed reactant solutions were 
pumped into the reactor at a controlled flow rate by an HPLC pump. 
The solution flow through the reactor, pass a 10 port valve dual loop 
sampling system, and is collected in product accumulator. The flow of 
products into the accumulator displaces air through a back-pressure 
regulator which maintains the reactor system at the desired pressure. 
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The r e a c t a n t  f l o w  is r a p i d l y  h e a t e d  t o  r e a c t i o n  t e m p e r a t u r e  by t h e  
e n t r y  h e a t  g u a r d ,  and ma in ta ined  a t  i s o t h e r m a l  c o n d i t i o n s  by a Trans- 
temp I n f r a r e d  f u r n a c e  and an e x i t  h e a t  guard.  Samples c a p t u r e d  i n  5.4 
m l  s a m p l e  l o o p s  a r e  r e l e a s e d  i n t o  s e a l e d ,  e v a c u a t e d  t e s t  t u b e s  f o r  
q u a n t i t a t i v e  a n a l y s i s  by GC, GC-MS, and HPLC i n s t r u m e n t s  w i t h i n  t h e  
l a b o r a t o r y .  The  o u t e r  a n n u l u s  o f  t h e  r e a c t o r  i s  a 4.572 mm I D  
H a S t e l l o y  C-276 t u b e ,  and  t h e  i n n e r  a n n u l u s  is a 3.175 m m  OD 
s i n t e r e d  a l u m i n a  t u b e ,  g i v i n g  t h e  r e a c t o r  a n  e f f e c t i v e  h y d r a u l i c  
d i a m e t e r  of  1.4 mm. The a l u m i n a  t u b e  accommoda tes  a m o v a b l e  t y p e  K 
t h e r m o c o u p l e  a l o n g  t h e  r e a c t o r ' s  a x i s ,  wh ich  p r o v i d e s  f o r  t h e  
measurement  o f  a x i a l  t e m p e r a t u r e  g r a d i e n t s  a l o n g  t h e  r e a c t o r ' s  
f u n c t i o n a l  l e n g t h .  R a d i a l  t e m p e r a t u r e  g r a d i e n t s  a r e  measu red  a s  
d i f f e r e n c e s  b e t w e e n  t h e  c e n t e r l i n e  t e m p e r a t u r e s  and t e m p e r a t u r e s  
measured a t  1 0  f i x e d  p o s i t i o n s  a l o n g  t h e  o u t e r  w a l l  o f  t h e  r e a c t o r  
u s ing  t y p e  K thermocouples .  The e n t i r e  r e a c t o r  and sampling system is 
housed i n  a p r o t e c t i v e  e n c l o s u r e  which c a n  be purged o f  a i r  (oxygen) 
during s t u d i e s  i n v o l v i n g  f lammable s o l v e n t s  ( such  a s  methanol) .  

The r e a c t o r  a p p a r a t u s  c a n  be c h a r a c t e r i z e d  by t h e  f o l l o w i n g  
r e p r e s e n t a t i v e  n o n d i m e n s i o n a l  numbers:  R e  = 420, P r  = 1.86,  Sc = 
0.86,  P e h  = 776 ( t h e r m a l  d i f f u s i o n ) ,  Pem = 358 ( s p e c i e s  d i f f u s i o n ) ,  
and Da = 0.40. W e  have  determined from t h e  t empera tu re  p r o f i l e  of t h e  
r e a c t o r  d u r i n g  o p e r a t i o n  t h a t  r a d i a l  t empera tu re  g r a d i e n t s  w i t h i n  
t h e  a n n u l a r  f l o w  r e a c t o r  a r e  n e g l i g i b l e .  A compute r  p rogram,  which 
a c c u r a t e l y  a c c o u n t s  f o r  t h e  e f f e c t s  o f  t h e  v a r i o u s  f l u i d  ( s o l v e n t ,  
s o l v e n t  and  s o l u t e ,  a i r )  c o m p r e s s i b i l i t i e s  on f l o w  measuremen t s ,  
calculates  mass and e l e m e n t a l  b a l a n c e s  f o r  each  experiment.  

RESULTS AND DISCUSSION 

R e s u l t s  o f  expe r imen t s  p rob ing  t h e  d e h y d r a t i o n  chemis t ry  of D- 
g l u c o s e  i n  S C  w a t e r  (P = 34.5 MPa) a r e  summar ized  i n  T a b l e  1. We 
began t h e  f i r s t  experiment  a t  20OoC. A s  c a n  be  s e e n  under t h i s  condi- 
t i o n  no d e h y d r a t i o n  p r o d u c t s  were obse rved  and on1  a small amount of 
D-g lucose  was e p i m e r i z e d  t o  D-mannose. A t  250 C we o b s e r v e d  5- 
hydroxymethylfuraldehyde a s  t h e  o n l y  d e h y d r a t i o n  p r o d u c t .  T h e  \ 

presence  of s u l p h u r i c  a c i d  or  sodium hydroxyde i n c r e a s e d  t h e  conver-  
s i o n  o f  s u b s t r a t e .  The a c i d  i n c r e a s e d  t h e  y i e l d  o f  d e h y d r a t i o n  
p r o d u c t  and  a l s o  2 - f u r a l d e h y d e  o c c u r e d  a s  p r o d u c t  o f  p e n t o s e  
d e h y d r a t i o n .  On t h e  o t h e r  hand ,  b a s e  d e c r e a s e d  t h e  y i e l d s  o f  f u r a n  
d e r i v a t i v e s  and produced l a c t i c  a c i d  a s  a b e t a  e l i m i n a t i o n ,  b e n z i l i c  
a c i d  rearrangement ,  and r e t r o - a l d o l  r e a c t i o n  product .  The d e c r e a s e  of 
f l o w  r a t e  and omiss ion  of  c a t a l y s t s  i n c r e a s e d  t h e  y i e l d  of 5-hydroxy- 
me thy l fu ra ldehyde ,  as  well  a s  t h e  conve r s ion .  A f u r t h e r  i n c r e a s e  of 
t empera tu re  t o  275OC i n c r e a s e d  t h e  c o n v e r s i o n  of  s u b s t r a t e  and y i e l d  
of dehydra t ion  p roduc t .  The p r e s e n c e  of a c i d  dec reased  y i e l d  of fu ran  

predominant p roduc t .  A t  3OO0C and i n  absence  of  c a t a l y s t  t h e  y i e l d  of 
f u r a n  d e r i v a t i v e s  i n c r e a s e d  f u r t h e r .  These r e s u l t s  confirm t h a t  water 
is more s e l e c t i v e  f o r  dehydra t ion  when used wi thou t  c a t a l y s t  i n  t h e  
SC f l o w  r e a c t o r .  I n  some e x p e r i m e n t s  we were n o t  a b l e  t o  i d e n t i f y  
Some d e g r a d a t i o n  p r o d u c t s .  T h i s  r e s u l t e d  i n  l o w e r  c a r b o n  b a l a n c e s  
than  have been r e p o r t e d  i n  our  e a r l i e r  work. 

% 

d e r i v a t i v e s .  I n  t h e  p re sence  of sodium hydrox ide  l ac t ic  a c i d  was t h e  \ 

130 



When the reaction was run under supercritical conditions (38SoC, 
residence time of 24 seconds) the yield of furan derivatives 
decreased dramatically and products of retro-aldol reaction (acetol 
and formaldehyde) were observed. The levulinic acid was probably 
destroyed in this way. Under SC conditions gaseous products were also 
observed. Their presence indicate that decarbonylation, decarboxyla- 
tion, and other fragmentation reactions were taking place. These were 
probably due to homolytic reaction processes. 

CONCLUSIONS 

The reactions of D-glucose at 34.5 MPa and temperature interval 
from 200 to 385OC in SC flow reactor are epimerization, dehydration, 
degradation to acids, and retro-aldolization.The experiments con- 
firmed that water when used without catalyst is more selective for 
dehydration. Further research will follow to increase the yield of 
selected products. 
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PYROLYSIS AND SOLVOLYSIS O F  BIOMASS 

IN SUPERCRITICAL FLUID SOLVENTS 
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D e p a r t m e n t  of Chemical  Engineering 
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ABSTRACT 

The reactions of diary1 ethers and alkanes were examined in water a t  varying densities. The ethers, 

namely benzyl phenyl ether (BPE), phenethyl phenyl ether (PPE) and dibenzyl ether (DBE) 

underwent parallel pyrolysis and hydrolysis. The former paths led to the usual products described in 

the literature, whereas the latter led to benzyl alcohol plus phenol, phenethyl alcohol plus phenol and 

two mols of benzyl alcohol for BPE, P P E  and DBE, respectively, 1,2-Diphenylethane (DPE) and 

1,3-diphenylpropane (DPP) fragmented according to the neat pyrolysis pathway only, even at  the 

highest water density studied. 

The solvolysis was evidently substitution at  a saturated carbon atom to  which was attached a 

heteroatom-containing leaving group. Kinetics analysis of the DBE experiments allowed decoupling 

of the pyrolysis and solvolysis rates, which further permitted correlation of the solvolysis rate constant 

with the solvent dielectric constant. Good correlation on this Kirkwood plot suggests the solvolysis 

proceeds through a transition state that is more polar than the reactants. 

INTRODUCTION 

The extreme pressure-volume-temperature behavior of fluids a t  or near their critical point has 

focussed considerable attention on the extraction of volatiles from, and synfuels-related processing of, 

high molecular weight, low-volatility materials including biomass [lo]. More recently, i t  has been 

established that reaction in and with the solvent might assist [1,7,15]. However, information about 

the kinetics and mechanisms controlling these reactions is usually obscured during experiments with 

actual biomass by the complexity of the substrate and its structure. This motivates the use of model 

compounds whose structures and product spectra are well enough characterized to allow the 

deduction of reaction pathways, kinetics and mechanisms. 

The present report is of a probe into the effect of supercritical water on the reaction paths of the 
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diaryl ethers BPE, PPE and DBE and the diaryl alkanes DPE and DPP. The thermal reactions of 

these compounds having been well studied previously, they afforded an excellent opportunity to 

explore the effect of supercritical water on their reactions. 

EXPERIMENTAL 

The model compounds were reacted neat and in water a t  conditions summarized in Table 1. The 

reduced density of water (p , ,w=p/p, ,w)  ranged from 0.0 to 2.1. Except for PPE, the reactants, 

solvents, and GC standards were commercially available and used as received. PPE was synthesized 

according to the method of Mamedov and Khydyrov [a]. 

A typical experimental procedure was as follows: measured amounts of the reactant, solvent and the 

demonstrably inert 1151 internal standard biphenyl were loaded into "tubing-bomb" reactors 

comprising one 1/4 in. stainless steel Swagelok port connector and two end caps. These constant 

volume batch reactors had a volume of 0.59 ems. Sealed reactors were immersed into a fluidized sand 

bath and reached the desired reaction temperature, *2 ' C, in about 2 minutes. After the desired 

time had passed, the reactions were quenched by immersion in a cold water bath. 

Reaction products were collected as a single phase in acetone. Subsequent product identification 

was by GCMS; and routine quantitation was by gas chromatography on an HP 5880 instrument 

equipped with a 50 h i  SE54 or DB-5 fused silica capillary column and flame ionization detector. 

Response factors were estimated by analysis of standard mixtures. 

RESULTS 

Experimental results are presented in sections allotted to each model compound. Within each 

section, results are presented in terms of reaction products and kinetics, first for pyrolysis and then for 

reaction in water. 

Benzyl P h e n y l  Ether .  Neat pyrolysis of benzyl phenyl ether (BPE) a t  332" C led to phenol and 

toluene as stable primary products, as indicated by their positive initial and zero final slopes in Figure 

1, a plot of molar yield (ni/n ) vs. reaction time. Minor products included, in order of decreasing 
1 ,o 

yield, o-hydmYydiphen)lmethane (OHD), p-hydroxydiphenylmethane (PHD), diphenylmethane, 

benzaldehyde, benzene, 1,2-diphenylethane and &stilbene. Linear regression showed the apparent 

first-order disappearance rate constant for BPE a t  332" C to be 9.45 x lV4S1. 

BPE reaction in water, at 332' C and an overall water loading p =1.6, was almost four times as 

Figure 1 also illustrates the differences 
r,w 

fast as neat pyrolysis at the same reaction temperature. 

134 



between the product spectra for neat pyrolysis of BPE and its reaction in water at p =1.6. Benzyl 

alcohol, produced in only trace quantities during neat pyrolysis, was a major hydrolysis product. 

After reaching its maximum yield of 0.45 at 8 minutes, benzyl alcohol underwent secondary reaction 

to extinction by 45 minutes. 

I r ,w 

The ultimate yields of the stable products OHD and PHD were also dependent upon P , , ~ .  The 

maximum OHD yield of 0.098 observed during neat pyrolysis at 332' C was about one third of the 

value of 0.26 observed from reaction in water at p =1.6. Similarly the yield of PHD increased from 

a value of 0.05 after 45 minutes during neat pyrolysis to a value of 0.18, after only 30 minutes, during 

reaction of BPE in water. 

r,w 

! 
The effect of p on reaction of BPE in water is illustrated in Figure 2 as a plot of product 

selectivity (si=yi/x) vs. p BPE conversion (x) 

increased monotonically with reduced water density from a value of 0.85 at  p =O.O to essentially 

unity for P ~ , ~ , ?  1.5. Selectivity to the pyrolysis product toluene decreased with increasing water 

density from 0.25 at  p =2.1. Selectivity to phenol, which resulted from both 

pyrolysis and solvolysis, increbed from a low value of 0.58 at p 1.1.1. Selectivity 

to benzyl alcohol increased from 0.0 a t  p =1.2, at which 

point secondary reactions of benzyl alcohol were significant by 5.6 minutes. Furthermore, but not 

illustrated in Figure 2, the selectivity to both OHD and PHD increased, as pr,=. increased from 0.0 to 

2.1, from loivs of 0.08 and 0.03 to highs of 0.21 and 0.13 for OHD and PHD, respectively. 

r,w 

for a constant reaction time of 5.6 minutes. 
raw 

r,w 

=O.O to 0.05 at p 
,W r I F  

=O.O to 0.80 a t  p 
r,w r,w 

=O.O to a maximum of about 0.50 a t  p 
r,w r,w 

I 

I 

These results suggest that reaction of BPE in water is a combination of a thermal pathway leading 

to phenol and'toluene and a hydrolysis pathway that yields phenol and benzyl alcohol. The thermal 

pathway is like that reported for BPE thermolysis by Briiker and Kiilling 121, Schlosberg et al. [13], 

Sat0 and Yamakawa Ill] and Kamiya et al. 151. The hydrolysis reaction is the addition of one mol of 

water to one mol of BPE producing one mol each of phenol and benzyl alcohol. Selectivity to the 
I hydrolysis pathway increased with increases in reduced water density. 
li 

r Phenethyl  P h e n y l  Ether .  The major primary products from the neat pyrolysis of phenethyl 

phenyl ether (PPE) were phenol and styrene. Styrene underwent secondary decomposition to ethyl 

benzene, toluene, benzene and other minor products. PPE reaction in water also led to phenol and 

styrene, but in addition afforded phenethyl alcohol. Reactions in H,"0 showed incorporation of the 

label into the phenethyl alcohol. 
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The influence ofp on the selectivity to products at 413' C is summarized in Figure 3 as a plot of si 

=O.O and 

=O.O to an average 

1 0 . 2 .  Selectivity to phenol averaged at  about 1.0. The selectivity to phenethyl 

r,w 
vs. p 

leveled off a t  0.25 for p 

value of 0.52 for p 

alcohol increased from essentially zero a t  p 

for a constant reaction time of 16 minutes. PPE conversion was about 0.40 at  p 
r,w r,w 

20.2. Selectivity to styrene increased from 0.29 at  p 
r>w r,w 

=O.O to 0.06 a t  p 
r,w r,w 

r,w 
=1.4. 

These results suggest that  the overall reaction of PPE in water is by two paths, the first of which 

being pyrolysis to phenol and styrene and the second of which being hydrolysis to phenol and 

phenethyl alcohol. The neat pyrolysis pathway is identical to that observed by Klein and Virk 161. 

The hydrolysis of PPE was equivalent to the addition of one mol of water to one mol of PPE to 

produce one mol each of phenol and phenethyl alcohol. 

-- Dibenzvl Ether .  Neat pyrolysis of dibenzyl ether (DBE) a t  374'C led to toluene and 

benzaldehyde as major primary products. Its reaction in vater at 374'C led to benzyl alcohol, 

toluene, benzaldehyde: and oligomers. DBE decomposition in water at p =l.6 was about 3.5 times 

as fast as neat pyrolysis; benzyl alcohol was the major and essentially the only primary product at this 

water density. The yield of benzyl alcohol reached a maximum and then decreased at  longer times as 

it  reacted t o  oligomers. The foregoing suggests that DBE reaction in water comprises two parallel 

pathways, with the first being identical to the neat pyrolysis reported by Schlosberg et al. [12] and 

also thermolyses in hydrogen donor noted by Briicker and Kijlling 121, Cronauer et al. 131 and 

Simmons and Klein 1141. The second pathway is hydrolysis of one DBE mol to two benzyl alcohol 

mols. 

r,w 

1,2-Diphenylethane. Neat pyrolysis of 1,Zdiphenylethane (DPE) at  500' C produced toluene as 

the major and primary product; t-stilbene, benzene, ethyl benzene, phenanthrene, and 

diphenylmethane were all minor primary products. Trace amounts of styrene and triphenylethylene 

were also present. 

Reaction of DPE in water a t  500' C and p =1.4 also led to toluene as the major primary product. 

Observed minor products were those formed during neat pyrolysis. Products' yields from ueat 

pyrolysis and reaction in water were virtually identical. Thus, no additional pathways were identified 

for the reaction of DPE in water. 

1,W 

1,s-Diphenylpropane. Neat pyrolysis of 1,3-diphenylpropane (DPP) a t  420' C led to toluene 

and styrene; styrene underwent secondary conversion to other products including ethyl benzene. 
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Minor products included 1,2-diphenylethane, benzene, and n-propyl benzene , all present in molar 

yields of less than 0.05. Reaction of DPP in water a t  420" C and p =1.6 led to the same products in 

approximately the same molar yields as did pyrolysis. Thus pyrolysis was the lone operative pathway 

during reaction of DPP in water. 

r.w 

DISCUSSION 

Reaction of the diaryl ethers BPE, PPE and DBE in water was via parallel pyrolysis and solvolysis 

pathways. The diaryl alkanes DPE and DPP, on the other hand, fragmented by only a neat pyrolysis 

pathway, even at the largest p studied. Since all of the model compounds pyrolyse by a set of 

free-radical elementary steps, it is reasonable to suspect that solvolysis does not proceed through a 

transition state involving water and a thermally generated radical. In fact, the empirical observation 

that solvolysis occurred between water and an organic molecule with a saturated carbon to which was 

attached a heteroatom-containing leaving group suggests the chemistry may be like the classic liquid- 

phase nucleophilic substitution a t  saturated carbon. Solvolysis involving supercritical methanol and 

also a N- containing organic has been observed also [I]. Note that heterocyclics, devoid of saturated 

carbons, did not undergo solvolysis. Another mechanism must therefore govern the solvolysis 

reaction. 

r,w 

Thus the transition state is likely more polar than the reactants, which are neutral molecules. The 

class of reaction illustrated in Equation (1) 

molecule + molecule 0 polar transition state products (1) 

is amenable to division of the free energy of activation AGt into an electrostatic and a non- 

electrostatic part, the former being influenced by the solvent dielectric constant as developed in the 

classic Kirkwood analysis. For the present reactions, where the activated complex is more polar than 

the reactants, the solvolysis rate constant should increase with increasing solvent dielectric constant 

[9] and afford a linear correlation of In ks with the function (e-l/c). 

The kinetics data for reaction of DBE in water a t  374' C were reduced for pyrolysis and solvolysis 

rate constants for each p studied. The solvolysis rate constant and Franck's [4] measurements of z 

vs. p for water allowed construction of the Kirhvood plot of Figure 4. The linear relationship between 

In kS and pr,w supports the proposed polar transition state. 

r.w 
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SUMMARY AND CONCLUSIONS 

1. Reaction in water of the diaryl ethers was by parallel pyrolysis and solvolysis. The diaryl 
alkanes afforded only pyrolysis products, even a t  reduced water densities of greater than 
1.4. 

2. Whereas the pyrolysis occurred via a set of free-radical elementary steps, the solvolysis 
was likely via nucleophilic substitution that proceeded through a polar transition state. 
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Reactant I 
BPE 

e m  
PPE 

I DBE 

c3-0 
DPE 

DPP 

332 
377 

41 3 

374 

500 

420 

f' r,w 

0, 1.6 
0.0-2.1 

0.0-1.4 

0.0-1.6 

0.0 ,  

0 .0.  

.4 

.6 

t (min: 

0-60 
5.6 

16 

0-60 

0-1 80 

0-60 

Table 1: Summary of Experimental Conditions 
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Formation o f  Aromatic Compounds from Carbohydrates. X 
Reaction o f  Xylose, Glucose, and Glucuronic Acid i n  Ac id ic  So lu t ion  a t  3OO0C 
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Department o f  Chemistry and Molecular Biology, Swedish Un ive rs i t y  of 
Ag r i cu l tu ra l  Sciences, 5-75007 Uppsala, Sweden 

David A. Nelson* and Richard T. Hal len 
Chemical Sciences Department, P a c i f i c  Northwest Laboratory, Richland, WA 99352 
USA 

INTRODUCTION 

For several years our respect ive groups have inves t iga ted  the  format ion 
o f  aromatic compounds from carbohydrates i n  aqueous so lu t i on  a t  var ious pH- 
values under r e f l u x  o r  hydrothermolyt ic condi t ions.  For instance, previous 
papers (1-6) i n  t h i s  ser ies  concerned the  degradation o f  hexoses , pentoses , 
erythrose, dihydroxyacetone, and hexuronic acids t o  phenol ic and eno l i c  
components. O f  p a r t i c u l a r  i n t e r e s t  were the  i s o l a t i o n  and i d e n t i f i c a t i o n  o f  
catechols, an acetophenone, and chromones from pentoses and hexuronic acids 
a t  pH 4.5 (1,Z). The formation o f  these compounds, as we l l  as reduc t i c  
acid(7),was found t o  be more pronounced than t h a t  o f  2-furaldehyde(2) under 
ac id i c  condi t ions.  The aromatic precursors o f  3 and 4 were a lso  isoTated from 
these reac t ion  mixtures. 
from pentoses(8) and hexuronic acids(9) a t  very low pH. S im i la r  products were 
obtained i n  lower y i e l d  from glucose and f ruc tose  under ac id i c  cond i t ions( l0 ) .  
However, t he  predominant product o f  these hexoses was 5-hydroxymethyl-2- 
furaldehyde (1) as would be expected from p r i o r  work(l1). Surpr is ing ly ,  s i m i l a r  
products are noted a t  neut ra l  and even a l k a l i n e  pH w i t h  glucose and xylose( l2) .  
Previous hydrothermolyt ic studies o f  ce l l u lose  i nd i ca ted  t h a t  c e r t a i n  aromatic 
products could be obtained when the  pH was maintained i n  the  range o f  4 - l l (13) .  
This suggested t h a t  a ldo l  condensation, a prime rou te  f o r  the  product ion o f  
aromatics from saccharides, could func t ion  under moderately a c i d i c  condi t ions.  

This i s  i n  contrast- to t h e  h igh  y i e l d s  o f  2 obtained 

CHs 

1 2 3 4 5 

The cur ren t  research was i n i t i a t e d  t o  study the  compet i t ion between the 
formation o f  phenol ic compounds (aldol  involvement) and t h a t  o f  furans 
(dehydration and cycAization). 
5-7.5 minutes a t  300 C, were chosen t o  examine the  e f f e c t  on po ten t i a l  biomass 

Hydrothermolytic (1 iquefac t ion)  condi t ions,  
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mater ia ls  wh i l e  exposed t o  m i l d  acid. 
p rev ious ly  found t o  provide h igher  y i e l d s  o f  phenols than glucose. It i s  a lso  
o f  inc reas ing  i n t e r e s t  f o r  those invo lved w i t h  the  hydro lys is  o f  biomass, 
incauding steaming and au tohydr lys is  under s l i g h t l y  a c i d i c  cond i t ions  a t  170- 
250 , t o  ob ta in  substrates f o r  var ious fermentat ion processes o r  as a 
pretreatment f o r  o the r  uses. It i s  very l i k e l y  t h a t  t h e  aromatic products, 
p a r t i c u l a r l y  those formed from pentosans and polyuronides, may have an 
i n h i b i t i n g  e f f e c t  on fermentat ion processes. More informat ion,  therefore,  i s  
needed concerning t h e  format ion o f  aromatic components and t h e i r  precursors 
from the h igh  temperature, aqueous processing o f  biomass. 

EXPERIMENTAL 

A se r ies  o f  3.0 mL capaci ty tub ing  autoclaves (316 t a i n l e s s  s tee l )  were 
used. Each tube was 0.6 x 9 cm and sealed w i t h  SwagelokT8 f i t t i n g s .  The tubes 
were charged w i t h  0.27 g sodium glucuronate, 0.19 g D-x lose, o r  0.22 g D- 
glucose, respec t ive ly .  Buffered ac id  so lu t ions  (2.0 mL{ were added t o  the  
tubes. For instance, sodium acetate-acet ic ac id  b u f f e r  was used f o r  the  pH 3 
t o  4 react ions,  w h i l e  a potassium ch lo r ide-hydroch lo r ic  ac id  b u f f e r  was used 
f o r  the pH 1.7-1.9 react ions.  
n i t rogen p r i o r  t o  i n s e r t i o n  i n t o  a 300 sand bath. I n t e r i o r  tub8 temperature 
as reached 300' w i t h i n  2.5 minutes, wh i le  quenching t o  below 100 requ i red  
on ly  0.1 minute. The so lu t i ons  a f t e r  cool ing,  which i n  a l l  n ine  experiments 
were dark brown, contained minimal o r  no p rec ip i t a te .  The tube contents 
were ex t rac ted  w i t h  e thy l  acetate, d r ied ,  and the  solvent was removed. Gas 
chromatographic analyses were obtained w i t h  a Hewlett-Packard 5880A instrument 
us ing  a DB c a p i l l a r y  column. 

RESULTS AND DISCUSSION , 

Xylose and glucuronic acids were 

The vo id  space o f  each tube was swept w i t h  

The y i e l d s  o f  the  so lvent  f r e e  ex t rac ts  are presented i n  Table 1. Column 

Y ie lds  o f  E thy l  Acetate Ex t rac ts  A p e r  Ac id ic  Treatment o f  Glucose, 
Xylose, and Glucuronic Acid a t  300 

A shows the  standard wt .% y ie lds .  Column B was formulated t o  show a l oss  o f  

Table 1. 

PH Time(min.) A* B* * 
61 ucose 
Xylose 

1.7 5 37 52 
1.7 5 27 42 
3.6 5 40 62 
3.6 7.5 38 59 

Glucuronic Ac id  1.9 5 20 41 
3.0 5 22 45 
3.6 5 20 41 
3.6 7.5 31 63 
4.0 5 15 31 

*A equals wt.% based on the  amount o f  carbohydrate. 
**B equals wt.% based on glucose o r  xylose minus 3 H20, and glucuronic ac id  

minus 3H2 and C02. 
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t h ree  moles of water f o r  glucose and xylose and a l o s s  of one mole of carbon 
dioxide f o r  glucuronic acid.  This represents the conversion of carbohydrates 
t o  furan o r  phenolic components. The standard y i e l d s  (column A) g ive  mixed 
results when pH i s  compared; i .e. ,  xylose shows higher y i e l d s  a t  higher pH, 
while glucuronic acid does not. This may r e f l e c t  two d i f f e r e n t  mechanisms, 
however. These solvent ex t rac ted  y i e lds  a r e  r a t h e r  c lose  t o  those obtained 
under bas ic  condi t ions( l3) .  

xylose, and glucuronic acid.  
from pH 1.7 t o  about 2.6 a f t e r  5 min a t  300 . 
buffered a t  pH 3.6 held t h a t  ac id i ty  level r a the r  well. 
glucuronic ac id  reac t ions  tended t o  increase more than those of xylose 
regardless of buffer;  i.e., pH 1.9 t o  3.2, 3.0 t o  3.4, 3.6 t o  3.8, and 4.0 t o  
5.2. 
the  glucuronic acid.  

enough f o r  gc ana lys i s .  A t  low pH the furan compounds predominate when both 

Table 2. Major Iden t i f i ed  Components 08 Glucose, Xylose, and Glucuronic Acid 
Af te r  Hydrothermolysis a t  300 with Various Times and pH 

There was some change i n  pH a f t e r  t he  ac id i c  hydrothermolysis of glucose,  
The aqueous pease of glucose and xylose increased 

Those reac t ions  of xylose 
The pH of the 

This probably could be p a r t i a l l y  a t t r i bu ted  t o  t h e  decarboxylation of 

Table 2 presents  t he  quan t i t a t ive  r e s u l t s  of those components v o l a t i l e  

Glycuronic Glucuronic Glucuronic Glucuronic Glucuronic 
Glucose' Xylose Xylose Xylose Acid Acid Acid Acid Acid 

Component Smin 5min 5min 7.6min Smin 5 min Smin 7.5 mln 5 mm 
p ~ i . 7  p ~ i . 7  ~ ~ 3 . 6  ~ ~ 3 . 6  p ~ i . 9  pn3.0 pn3.6 p ~ z . 6  p ~ 4 . 0  

- - - - - ~ ~ ~ ~ ~  

2 - - - 6.4 46.5 6.9 2.9 2.7 0.7 

3 - - 3.5 6.5 3.8 4.2 16.7 4.0 8.5 

4 - - - - 0.5 0.5 4.1 0.9 0.6 

5 - 0.4 6.3 8.5 2.3 3.3 - 0.7 - 

* 
Values a r e  reported as  mole%; o i l  y i e lds  a r e  reported in Table 1; those values 

not reported a r e  <O. l%.  

glucose and xylose a r e  exposed t o  300'. T h i s  i s  not  unexpected s ince  a l l  
pentoses form 2-furaldehyde(z) in high y i e ld  when exposed t o  aqueous ac id  
so lu t ion ( l4 ) .  However, t he  presence of 2 i n  t he  glucose reac t ion  mixture i s  
of i n t e r e s t .  The major product obtained from hexoses a t  elevated temperatures 
and aqueous ac id  i s  5-hydroxymethyl-2-furaldehyde(l) with minor amounts of 2- 
(hydroxyacetyl)furan(15). The 2-furaldehyde has been de tec ted  a f t e r  ac id i c  
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treatment o f  f ructose( l6) ,  glucose(15,17), and i s  a major component a f t e r  the 
thermolysis o f  c e l l u l o s e  i n  d i s t i l l e d  water( l3) .  One p laus ib le  explanat ion 
f o r  t h e  format ion o f  2 may invo lve  loss  o f  formaldehyde(l8) f r o m  glucose w i th  
consequent pentose formation. 
does produce a small amount o f  g(19). However, t he  reac t ion  cond i t ions  are 
s u f f i c i e n t l y  d i f f e r e n t  t o  suggest a d i f f e r e n t  mechanism f o r  hydrothermolysis. 

and longer time. During 
previous work(1) w i t h  xylose i n  r e f l u x i n g  ac id  a t  pH 4.5, 1,2-dihydroxybenzene 
(3) was no t  detected. However, 3 has been detected a f t e r  xylose was exposed 
t o  r e f l u x i n g  caus t i c  so lu t ion( l27 .  
xylose was a t t r i b u t e d  t o  re t ro -a ldo l  and re -a ldo l  reac t ions  s ince both xylose 
and glucose y ie lded  the  same type o f  products. Unfortunately,  t h i s  does not 
exp la in  the  presence o f  3 i n  the  ac id i c  hydrothermolysis roduct, bu t  i t  has 
been shown t h a t  t he  aldoT reac t ion  can occur a t  pH 4.0(13!. Detect ion o f  3,8- 
d i  hydroxy-2-methylchromone(5) has been noted prev ious ly  i n  xylose so lu t ions  
a t  pH 4.5(1,20). Since 5 i s  a ten-carbon product, i t  i s  presumed t h a t  a t  l e a s t  
two moles o f  xylose were necessary f o r  i t s  composition. 
values o f  5 (Table 2) should be doubled t o  r e f l e c t  t h i s .  
t h i s  was recen t l y  demonstrated by E. Olsson, N. Olsson, and 8. Theander i n  
unpublished work du r ing  t h e  preparat ion o f  5 a t  pH 5 and \SO from 1-1%-pentose 
(prepared by a K i l i n  synthesis i n v o l v i n g  erythrose and K CN). The major 
d i s t r i b u t i o n  o f  t h e  13C-label was a t  the  2-methyl and C-8a pos i t ions .  

those from xylose. 
none was observed beyond pH 3.0. 
components (3 and 3) increased w i t h  pH, b u t  reached a maximum a t  pH 3.6. 
decrease o f  3 and 4 a f t e r  7.5 min a t  pH 3.6 may be due t o  i n s t a b i l i t y  o f  those 
components toward The thermal condi t ions,  however degradation o f  3 a t  pH 4.5 
was n e g l i g i b l e  a t  100°(l). The r e s u l t s  a t  pH 4.0 do suggest a con t r i bu t i on  
from the decreasing ac id i t y .  The decrease o f  5 w i t h  increasing pH i s  a lso  o f  
i n t e r e s t  s ince i t  had prev ious ly  been i s o l a t e d  from glucuronic ac id  exposed 
t o  pH 4.5 and 100°(1,20). The Table 2 values obtained f o r  3, 4, and 3 from 
glucuronic ac id  may also represent on ly  50% o f  t he  mole percentage since each 
component may requ i re  more than one mole o f  g lucuronic ac id  f o r  i t s  preparation. 

Several u n i d e n t i f i e d  components were a lso  observed i n  the  reac t i on  mixtures 
o f  hydrothermolyzed glucuronic ac id  and xylose. Unfortunately,  i s o l a t i o n  
attempts were no t  successful f o r  these products. 
and 162 from glucuronic a c i d  and xylose, respec t ive ly )  were found i n  moderate 
amounts . 
espec ia l l y  2, may be obtained by the a c i d i c  hydrothermolysis o f  xylose and 
glucuronic ac id  conta in ing  mater ia ls.  
con t r i bu te  toward the  i n h i b i t i o n  o f  fermentat ion organisms i f  a c i d i c  
pretreatment procedures a re  no t  c a r e f u l l y  con t ro l  led.  

I t  should be noted t h a t  t he  py ro l ys i s  o f  1 

The xylose r e s u l t s  a re  a lso  notable w i t h  the  increase o f  3 and 5 a t  pH 3.6 
I n  contrast ,  2 decreased w i t h  increased pH and t i m e .  

The presence o f  3 i n  basic so lu t ions  o f  

Thus, t he  mole % 
Further support f o r  

The r e s u l t s  f rom glucuronic ac id  do no t  appear q u i t e  as in fo rmat ive  as 
The 2-furaldehyde content decreased w i t h  inc reas ing  pH; 

Correspondingly, the  amount o f  phenol ic 
The 

These components (m/e 164 

i t  i s  evident from the  r e s u l t s  o f  t h i s  research t h a t  phenol ic products, 

The phenol ics and 2-furaldehyde could 
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INTRODUCTION 

Very l i t t l e  research  has been done t o  e x p l o r e  commercial a p p l i c a t i o n  o f  
t h e  thermochemical d e g r a d a t i o n  o f  po l ysacchar ide  m a t e r i a l s  t o  o r g a n i c  a c i d s  i n  
a l k a l i n e  s o l u t i o n .  Much o f  t h e  work on a l k a l i n e  degrada t ion  o f  
po l ysacchar ides  has been conducted a t  100°C or l ower  t o  i n v e s t i g a t e  mechanisms 
o f  deg rada t ion ,  r e a c t i o n  t e r m i n a t i o n  and t h e  e f f e c t s  o f  m o l e c u l a r  s t r u c t u r e  
(1-4). However, l i t t l e  conve rs ion  o f  po l ysacchar ides  t o  a c i d s  occurs a t  these 
low temperatures.  Most i n v e s t i g a t i o n s  a t  h i g h e r  temperatures have i n v o l v e d  
s tudy  o f  t h e  a l k a l i n e  p u l p i n g  process a t  app rox ima te l y  170OC (5 .6) .  where 
po lysacchar ide  d e g r a d a t i o n  i s  l i m i t e d  and n o t  d e s i r e d .  Chesley e t  a l .  ( 7 )  
proposed a commercial method f o r  p roduc ing  f o r m i c ,  a c e t i c ,  g l y c o l i c  and l a c t i c  
a c i d s  f rom c e l l u l o s i c  m a t e r i a l s .  However, optimum process parameters were n o t  
c l e a r ,  k i n e t i c  d a t a  was n o t  ob ta ined ,  a d d i t i o n a l  a c i d s  were n o t  i d e n t i f i e d ,  
and most o f  t h e  s t a r t i n g  p o l y s a c c h a r i d e  m a t e r i a l  was n o t  accounted f o r .  More 
recen t  work has p r o v i d e d  a d d i t i o n a l  i n f o r m a t i o n  on t h e  thermochemical 
deg rada t ion  o f  c e l l u l o s e  t o  o r g a n i c  a c i d s  a t  r e a c t i o n  c o n d i t i o n s  o f  p r a c t i c a l  
i n t e r e s t  ( 8 . 9 ) .  However, no a d d i t i o n a l  o r g a n i c  a c i d s  were i d e n t i f i e d ,  and the  
a c i d  p r o d u c t i o n  d a t a  was d i f f i c u i t  io i n t e r p r e t  because o f  i o n g  heat-up 
t imes.  No d a t a  has been r e p o r t e d  f o r  t h e  i m p o r t a n t  po l ysacchar ide ,  s t a r c h ,  a t  
r e a c t i o n  c o n d i t i o n s  o f  p r a c t i c a l  i n t e r e s t .  

The o b j e c t  o f  t h i s  s t u d y  was t o  o b t a i n  and compare k i n e t i c  data f o r  t he  
thermochemical d e g r a d a t i o n  o f  s t a r c h  and c e l l u l o s e  t o  o rgan ic  a c i d s  i n  
a l k a l i n e  s o l u t i o n .  Reac t ion  c o n d i t i o n s  l e a d i n g  t o  s u b s t a n t i a l  o r  complete 
deg rada t ion  i n  s h o r t  t imes  were s e l e c t e d  so t h a t  t h e  r e s u l t s  c o u l d  have 
p r a c t i c a l  a p p l i c a t i o n  t o  t h e  p r o d u c t i o n  o f  o rgan ic  ac ids .  Data f o r  t h e  
f o r m a t i o n  o f  seven i d e n t i f i e d  a c i d s  were a l s o  c o l l e c t e d  t o  a l l o w  d e t e r m i n a t i o n  
o f  r e a c t i o n  c o n d i t i o n s  l e a d i n g  t o  optimum y i e l d s .  The r e a c t i o n  system used i n  
a p rev ious  s t u d y  (8 )  was m o d i f i e d  t o  a l l o w  r a p i d  a t t a i n m e n t  o f  r e a c t i o n  
temperatures,  t h u s  making k i n e t i c  d a t a  more e a s i l y  analyzed.  
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EXPERIMENTAL 

M a t e r i  a1 s 

S t a r c h  used i n  experiments was commerc ia l ,  food-grade s t a r c h  (CPC 
I n t e r n a t i o n a l  I n c .  Englewood C l i f f s ,  NJ) hav ing  a m o i s t u r e  c o n t e n t  o f  13%. 
C e l l u l o s e  was purchased commerc ia l ly  as a h i g h l y  p u r i f i e d ,  f i n e l y  powdered 
p r o d u c t  ( C e l l u l a y - C e l l u l o s e ,  U n i t e d  S t a t e s  Biochemical  Corp., C leve land ,  OH) 
and had a m o i s t u r e  c o n t e n t  o f  6%.  

Formic a c i d  (88%) ( F i s h e r  S c i e n t i f i c  Co.. F a i r  Lawn, NJ), g l a c i a l  a c e t i c  
a c i d  ( J .  T .  Baker Chemical Co., P h i l l i p s b u r g ,  NJ), g l y c o l i c  a c i d ,  L ( + ) - l a c t i c  
a c i d  (grade L - l ) ,  DL-a-hydroxybutyr ic  a c i d  (sodium s a l t ) ,  a-hydroxy-  
i s o b u t y r i c  a c i d  and DL-a-hydroxyvaler ic  a c i d  (sodium s a l t )  (Sigma Chemical 
Co.. S t .  Lou is ,  MO) were used as s tandards i n  HPLC and GC ana lyses .  G l u t a r i c  
a c i d  ( M a l l i n c k r o d t ,  I n c . ,  S t .  Lou is ,  MO) was used as an i n t e r n a l  s tandard  i n  
t h e  GC analyses.  Boron t r i f l u o r i d e  (14% i n  p ropano l )  (Eastman Kodak Co., 
Rochester, NY) was used as a d e r i v a t i z i n g  agent  t o  produce p r o p y l  e s t e r s  o f  
t h e  o rgan ic  a c i d s  f o r  GC analyses.  

React ions 

A l l  r e a c t i o n s  were per formed under  n i t r o g e n  i n  a 1-L m a g n e t i c a l l y  s t i r r e d  
au toc lave  equipped w i t h  a c o o l i n g  c o i l  (Model AFP 1005, Autoc lave Engineers,  
E r i e ,  P A ) .  Each exper iment  was r u n  by  f i r s t  adding 1679 o f  aqueous s o l u t i o n  
c o n t a i n i n g  l o g  o f  NaOH t o  t h e  au toc lave  and h e a t i n g  t h e  sea led  a u t o c l a v e  t o  
t h e  d e s i r e d  temperature p l u s  5-10". A we l l -m ixed  s l u r r y  o f  l o g  o f  s t a r c h  o r  
c e l l u l o s e  ( m o i s t u r e  f r e e )  i n  859 o f  wa te r  was then  added t o  an a d j a c e n t  
Kuentze l  vessel  (Vessel  KD-19.3-SSl1, Au toc lave  Engineers,  E r i e  PA) which had 
t u b i n g  w i t h  a b a l l  va l ve  l e a d i n g  f rom i t s  bo t tom t o  t h e  s t i r r e d  a u t o c l a v e .  
l h e  t u b i n g  extended th rough  t h e  head o f  t h e  s t i r r e d  a u t o c l a v e  t o  be low t h e  
s u r f a c e  o f  t h e  a l k a l i n e  s o l u t i o n .  A f t e r  a d d i t i o n  o f  t h e  s t a r c h  o r  c e l l u l o s e  
s l u r r y ,  t h e  Kuentze l  vessel  was q u i c k l y  sea led  and connected t o  a n i t r o g e n  
c y l i n d e r .  The Kuentze l  vessel  was pressured t o  100 p s i  above t h e  p ressu re  i n  
t h e  s t i r r e d  au toc lave ,  and t h e  s t a r c h  o r  c e l l u l o s e  s l u r r y  was i n j e c t e d  i n t o  
t h e  h o t  a l k a l i n e  s o l u t i o n  i n  t h e  s t i r r e d  a u t o c l a v e  by opening t h e  b a l l  v a l v e .  
The r e s u l t i n g  s o l u t i o n  volume was 250ml and i t  con ta ined  l o g  o f  s t a r c h  o r  
c e l l u l o s e  (0.25M based on g lucose monomer) and l o g  o f  NaOH (1.00N). T h i s  
s o l u t i o n  dropped below t h e  t a r g e t  r e a c t i o n  tempera tu re  f o r  a s h o r t  t ime ,  b u t  
r e t u r n e d  t o  t h e  d e s i r e d  temperature i n  1-3 rnin. The r e a c t i o n  was t i m e d  f r o m  
t h e  moment o f  i n j e c t i o n .  

Experiments were conducted a t  temperatures between 180 and 30D°C, and t h e  
r e a c t a n t s  were h e l d  a t  t h e  s e l e c t e d  tempera tu re  f o r  v a r y i n g  t imes  t o  de te rm ine  
t h e  e f f e c t  o f  r e a c t i o n  t ime.  The tempera tu re  dropped q u i c k l y  upon f l o w  o f  
w a t e r  t h rough  t h e  c o o l i n g  c o i l  and removal o f  t h e  au toc lave  h e a t e r .  The t i m e  
r e q u i r e d  t o  c o o l  t h e  r e a c t a n t s  t o  be low 100°C was 5-15 min.  

A f t e r  c o o l i n g  t o  room temperature,  t h e  au toc lave  was opened and t h e  
r e a c t i o n  p roduc ts  were suc t i oned  o u t .  I n  t h e  case o f  c e l l u l o s e ,  any un reac ted  
m a t e r i a l  appeared as a s o l i d  res idue  i n  t h e  r e a c t i o n  s o l u t i o n .  Any r e s i d u e  
was f i l t e r e d  f rom t h e  r e a c t i o n  s o l u t i o n  and then  e x t r a c t e d  w i t h  w a t e r .  The 
f i l t r a t e  was combined w i t h  e x t r a c t ,  and an a l i q u o t  o f  t h e  combined s o l u t i o n  
was t i t r a t e d  f o r  t o t a l  o rgan ic  ac ids .  The s o l i d  r e s i d u e  was d r i e d  a t  40°C f o r  
24 h r .  i n  a f o r c e d - a i r  oven and then  a t  98°C f o r  24 h r .  i n  a vacuum oven. I n  
t h e  case o f  s t a r c h ,  any unreacted s t a r c h  was s o l u b l e  i n  t h e  a l k a l i n e  p r o d u c t  
s o l u t i o n .  An a l i q u o t  of t h e  s o l u t i o n  was t i t r a t e d  f o r  t o t a l  a c i d s .  Unreacted 
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s t a r c h  was p r e c i p i t a t e d  q u a n t i t a t i v e l y  w i t h  acetone (10) .  A 5.09 a l i q u o t  o f  
t h e  p roduc t  s o l u t i o n  was n e u t r a l i z e d  w i t h  2.ON HC1 t o  pH 7 and 25ml o f  acetone 
was added. A f t e r  s i t t i n g  o v e r n i g h t ,  t h e  s t a r c h  p r e c i p i t a t e  was separated by 
c e n t r i f u g a t i o n ,  washed w i t h  20ml o f  a 1:3 acetone-water  s o l u t i o n ,  separated 
a g a i n  by c e n t r i f u g a t i o n ,  and f i n a l l y  d r i e d  i n  t h e  same manner as f o r  c e l l u l o s e  
s o l i d  r e s i d u e .  

H i  gh-Perf ormance L i qu i d Chroma t o g  rap h y  

F i l t e r e d  p r o d u c t  s o l u t i o n s  from r e a c t i o n s  w i t h  s t a r c h  and c e l l u l o s e  were 
analyzed u s i n g  a Waters Associates h igh-per formance l i q u i d  chromatograph model 
ALC 201 equipped w i t h  a r e f r a c t i v e  i ndex  d e t e c t o r  model R-401 (Waters 
Associates,  M i l f o r d ,  MA) t o  i d e n t i f y  w a t e r - s o l u b l e  p roduc ts .  T h i s  was 
accomplished by match ing r e t e n t i o n  t i m e s  o f  p roduc t  compound peaks w i t h  
r e t e n t i o n  t imes  o f  s tandards.  A 300 nun x 7.8 mn Aminex HPX-87H o rgan ic  a c i d  
a n a l y s i s  column (Bio-Rad Labora to r ies ,  Richmond. CA) was used. E l u t i o n  was 
c a r r i e d  o u t  a t  60°C u s i n g  0.002N H SO a t  a f l o w  r a t e  o f  0.5 ml/min. Data 
a c q u i s i t i o n  f r o m  t h e  ch romatog rap t i?  system was by t h e  Hewlet t -Packard 
i n t e g r a t i n g  r e c o r d e r  model 3388A ( H e w l e t t  Packard Co., Palo A l t o ,  C A ) .  

Gas Chromatography 

To v e r i f y  t h e  compounds i d e n t i f i e d  b y  HPLC, b o t h  s tandards and p roduc t  
s o l u t i o n s  were conver ted  t o  t h e i r  p r o p y l  e s t e r s  w i t h  BFg-propanol acco rd ing  
t o  t h e  method o f  Sa lw in  and Bond (11) .  A n a l y s i s  o f  t h e  e s t e r i f i e d  compounds 
was per formed o n  a H e w l e t t  Packard 5880A gas chromatograph equipped w i t h  a 
f lame i o n i z a t i o n  d e t e c t o r  and a bonded Superox FA ( A l l t e c h  Assoc..  I n c .  
O e e r f i e l d ,  I L )  f u s e d - s i l i c a  c a p i l l a r y  column (25m x 0.25mn I.O., 0.2 pm f i l m  
t h i c k n e s s ) .  The tempera tu re  program was 100°C t o  24OOC a t  5"C/min and 10 min 
a t  240'C. The i n j e c t o r  temp was 225'C and t h e  d e t e c t o r  temp was 300°C. 
C a r r i e r  f l o w  (He) was 1.0 ml/min. I n j e c t i o n  volume was 1 ~ 1  w i t h  a s p l i t  
r a t i o  o f  8O: l .  

RESULTS AN0 DISCUSSION 

Degrada t ion  o f  S t a r c h  and C e l l u l o s e  

An a n a l y s i s  o f  t h e  d a t a  was per formed t o  de te rm ine  whether  s t a r c h  and 
c e l l u l o s e  d e g r a d a t i o n  i n  a l k a l i n e  s o l u t i o n  c o u l d  be desc r ibed  by  second-order 
k i n e t i c s  a c c o r d i n g  t o  t h e  equa t ions :  

p o l y s a c c h a r i d e  + N - a l k a l i  - produc ts  1 )  

1 n L  = I n  M + Cp (M-N)kat 
CP 

H = cao/cpo 
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where k, i s  t h e  r e a c t i o n  r a t e  c o n s t a n t  f o r  s t a r c h  o r  c e l l u l o s e  i n  a l k a l i n e  
s o l u t i o n .  C p  i s  t h e  c o n c e n t r a t i o n  o f  s t a r c h  o r  c e l l u l o s e ,  Cpo i s  t h e  
c o n c e n t r a t i o n  o f  s t a r c h  o r  c e l l u l o s e  a t  t=O.  Ca i s  t h e  c o n c e n t r a t i o n  o f  
a l k a l i ,  C, i s  t h e  c o n c e n t r a t i o n  o f  a l k a l i  a t  t = O .  t i s  t h e  r e a c t i o n  t i m e ,  and 
N i s  th% s t o i c h i o m e t r i c  r e a c t a n t  r a t i o  between hyd rox ide  i o n  and 
po lysacchar ide .  

The c a t a l y t i c  e f f e c t  o f  t h e  hyd rox ide  i o n  would n o r m a l l y  be rep resen ted  as 
p a r t  o f  t h e  r e a c t i o n  r a t e  c o n s t a n t  (k,) f o r  each temperature,  because 
c a t a l y s t  c o n c e n t r a t i o n  n o r m a l l y  remains c o n s t a n t .  However, i n  t h e  case o f  
a l k a l i n e  d e g r a d a t i o n  o f  s t a r c h  o r  c e l l u l o s e ,  o r g a n i c  a c i d s  a r e  produced wh ich  
a r e  conver ted  t o  t h e i r  s a l t s  by t h e  a l k a l i  p resen t ,  t hus  r e d u c i n g  t h e  
hyd rox ide  i o n  c o n c e n t r a t i o n .  Therefore,  i t  seemed t h a t  t h i s  d e g r a d a t i o n  
r e a c t i o n  c o u l d  be rep resen ted  by  second-order k i n e t i c s ,  w i t h  t h e  hyd rox ide  i o n  
c o n c e n t r a t i o n  determined by  t h e  s t o i c h i o m e t r y  o f  conve rs ion  o f  s t a r c h  o r  
c e l l u l o s e  t o  o rgan ic  a c i d s .  

F igu res  1 and 2 show exper imen ta l  d a t a  p l o t t e d  a c c o r d i n g  t o  Equa t ion  3 on 
s e m i l o g a r i t h m i c  graphs t o  determine a p p l i c a b i l i t y  o f  second-order k i n e t i c s .  
The l i n e a r  p l o t s  i n d i c a t e  t h a t  t h e  r e s u l t s  conform t o  second-order k i n e t i c s  
q u i t e  w e l l .  Table I shows t h e  r e a c t i o n  parameters determined f o r  each 
tempera tu re  p l o t t e d  i n  F igu res  1 and 2. 

Tab le  I. Reac t ion  Parameters f o r  A l k a l i n e  Degrada t ion  

S t a r c h  C e l l u l o s e  

T N ka  N ka  
" C  l i t e r h o l e  min.  l i t e r h o l e  m i n  

180 1.44 0.0026 2.09 0.0034 
200 1.17 0.0243 1.85 0.0194 
220 1 . l b  0.1334 1.71 0.1189 
240 1 . l b  0.3733 1.59 0.6000 

I n t e r e s t i n g l y ,  a l t h o u g h  M = Cao/Cpo = 4.0 f o r  b o t h  s t a r c h  and c e l l u l o s e ,  
e x t r a p o l a t i n g  t h e  da ta  p l o t t e d  i n  F igu res  1 and 2 back t o  t = 0 g i v e s  M = 5.0 
f o r  s t a r c h  and M = 4.6 f o r  c e l l u l o s e .  Thus. W i nc reased  f r o m  4.0 t o  5.0 f o r  
s t a r c h  and 4.b f o r  c e l l u l o s e  i n  ve ry  l i t t l e  o r  no t i m e  i n s t e a d  o f  t h e  expected 
f i n i t e  t i m e .  Cons ide r ing  t h a t  M e v e n t u a l l y  reaches i n f i n i t y  f o r  t h e  systems 
s tud ied ,  t h i s  rep resen ts  a smal l  f r a c t i o n  o f  more e a s i l y  degraded 
po lysacchar ide .  The r e s u l t s  o f  t h i s  paper  a p p l y  t o  t h e  more r e s i s t a n t  
f r a c t i o n s  o f  s t a r c h  and c e l l u l o s e ,  wh ich  c o n s t i t u t e  t h e  b u l k  o f  t hose  
po lysacchar ides .  

F i g u r e  3 shows t h e  r e a c t i o n  r a t e  cons tan ts  determined f rom t h e  s lopes  o f  
t h e  l i n e s  i n  F igu res  1 and 2 p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  o f  a b s o l u t e  
temperature on a s e m i l o g a r i t h m i c  graph.  The s lope  o f  t h e  l i n e  th rough  t h e  
p o i n t s  a l l o w s  d e t e r m i n a t i o n  o f  t h e  r e a c t i o n  a c t i v a t i o n  energy a c c o r d i n g  t o  t h e  
A r rhen ius  equat ion:  k = ko e exp (-E/RT). The va lue  o f  E determined i n  
t h i s  manner i s  39,500 c a l o r i e s h o l e ,  which appears t o  a p p l y  e q u a l l y  w e l l  t o  
t h e  degrada t ion  o f  s t a r c h  o r  c e l l u l o s e .  

151 



P r o d u c t i o n  o f  Organic  Ac ids 

The va lues  o f  N c a l c u l a t e d  f o r  s t a r c h  and c e l l u l o s e  shown i n  Table I 
r e v e a l  t h a t  as  t h e s e  po lysacchar ides  were degraded by a l k a l i ,  a s m a l l e r  number 
of o rgan ic  a c i d  mo lecu les  w e r e  formed f rom each g lucose  monomer i n  s t a r c h  
compared t o  c e l l u l o s e .  T h i s  means t h a t  t h e  o rgan ic  a c i d s  produced i n i t i a l l y  
f r o m  s t a r c h  had a g r e a t e r  m o l e c u l a r  w e i g h t  t han  those  produced From 
c e l l u l o s e .  Th is  i s  i l l u s t r a t e d  c l e a r l y  i n  F i g u r e  4, which shows e q u i v a l e n t s  
o f  o rgan ic  a c i d s  produced f rom t h e  d e g r a d a t i o n  o f  s t a r c h  o r  c e l l u l o s e  as a 
f u n c t i o n  o f  t ime .  A l though  s t a r c h  and c e l l u l o s e  degrade a t  t h e  same r a t e ,  t h e  
r a t e  of t o t a l  o r g a n i c  a c i d  f o r m a t i o n  was l e s s  f o r  s t a r c h ,  and fewer  
e q u i v a l e n t s  o f  o r g a n i c  a c i d s  were produced i n  a g i v e n  t i m e  f r o m  s t a r c h  t h a n  
f r o m  c e l l u l o s e .  The r e l a t i v e  d i f f e r e n c e  decreased as t h e  temperature 
increased,  and a t  h i g h e r  temperatures t h e  d i f f e r e n c e  i n  t o t a l  e q u i v a l e n t s  of 
o rgan ic  a c i d s  produced d isappeared a t  s h o r t  t imes .  A maximum c o n c e n t r a t i o n  of t  
app rox ima te l y  0.45 e q u i v a l e n t s / L  o f  t o t a l  o r g a n i c  a c i d s  was produced f o r  b o t h  
s t a r c h  and c e l l u l o s e  f o r  t h e  r e a c t i o n  systems s t u d i e d .  Apparen t l y ,  i n  s t a r c h  
degradat ion.  t h e  i n i t i a l l y  l a r g e r  mo lecu les  o f  o r g a n i c  a c i d s  e v e n t u a l l y  break 
down i n t o  a l a r g e r  number o f  s m a l l e r  o r g a n i c  a c i d s .  There fo re ,  t h e  t o t a l  
o r g a n i c  a c i d  f o r m a t i o n  f o r  s t a r c h  u l t i m a t e l y  equa ls  t h a t  f o r  c e l l u l o s e .  S ince 
t h e  s t a r t i n g  c o n c e n t r a t i o n  o f  s t a r c h  and c e l l u l o s e  was 0.25 mol /L  based on t h e  
g lucose  monomer, t h e  average e q u i v a l e n t  w e i g h t  f o r  t h e  o r g a n i c  a c i d s  produced 
i s  (0 .25 ) (180 ) / (0 .45 )  = 10Og/eq. T h i s  assumes t h a t  a l l  t h e  po lysacchar ide  
m a t e r i a l  degrades t o  a c i d s .  

The HPLC chromatograms o f  t h e  a l k a l i n e  degrada t ion  p roduc ts  o f  s t a r c h  and 
c e l l u l o s e  were q u i t e  s i m i l a r .  Based on r e t e n t i o n  t imes  o f  s tandards,  f o r m i c ,  
a c e t i c ,  g l y c o l i c ,  l a c t i c ,  2 -hyd roxybu ty r i c  and 2 -hyd roxyva le r i c  a c i d s  were 
i d e n t i f i e d .  The GC chromatograms o f  t h e  p r o p y l  e s t e r s  o f  t h e  s t a r c h  and 
c e l l u l o s e  chromatograms were a l s o  q u i t e  s i m i l a r .  S ince GC gave much b e t t e r  
s e p a r a t i o n  o f  d e g r a d a t i o n  p roduc ts  t h a n  HPLC, t h e  GC chromatograms were used 
t o  c a l c u l a t e  t h e  y i e l d s  o f  g l y c o l i c ,  l a c t i c ,  2 -hyd roxybu ty r i c  and 
2 -hyd roxyva le r i c  a c i d s .  Formic and a c e t i c  were h idden  under  t h e  GC s o l v e n t  
peak; thus,  t h e i r  y i e l d s  w e r e  determined f r o m  t h e  HPLC chromatograms. I n  
a d d i t i o n ,  2 - h y d r o x y i s o b u t y r i c ,  which was h idden  under  t h e  HPLC l a c t i c  peak, 
was i d e n t i f i e d  and q u a n t i f i e d  w i t h  GC. Tables I 1  and 111 g i v e  t h e  maximum 
y i e l d s  o f  t hese  a c i d s  a t  seve ra l  t empera tu res .  The co r respond ing  t imes a t  
temperatures t o  a c h i e v e  maximums a r e  i n c l u d e d  i n  t h e  headings. 

Table 11. Maximum Organic  Ac id  Y i e l d s  f rom Degradat ion o f  S ta rch  
i n  A l k a l i n e  S o l u t i o n  

Y i e l d s ( l )  % 
240'C 2bO°C 280°C 300°C 
30 m in (2 )  30 m in  20 min 5 min 

Formic 10.5 10.9 10.5 10.2 
A c e t i c  1 .b 1.9 2.3 2.1 
G l y c o l i c  3.4 4.5 5.3 5.6 
L a c t i c  16.9 17.5 19.1 19.0 
2-Hydroxybutyr ic  2.3 2.9 3. b 3.6 

2.7 2.5 

lBased on s t a r t i n g  d r y  w e i g h t  o f  s t a r c h  
ZHaximum n o t  y e t  a t t a i n e d  152 



Table 111. Maximum Organic  A c i d  Y i e l d s  f rom Degradat ion o f  C e l l u l o s e  
i n  A l k a l i n e  S o l u t i o n  

Y i e l d s ( l )  % 
240'C 260°C 280°C 300°C 
32 min 18 min 6 min 3 m in  

Formic 10.8 10.9 10.7 10.2 
A c e t i c  1 .b 1.9 1.1 1.7 
G l y c o l i c  4.6 4.8 5.5 5.2 
L a c t i c  19.8 19.9 20.4 18.5 
2-Hydroxybutyr i  c 3.4 3.3 3.5 3.4 
2-Hydroxyi s o b u t y r i  c 2.1 2.1 2.1 1.9 
2-Hydroxyval e r i  c - 1.3 _ _  1.6 1.4 - 1.3 

T o t a l  43.6 44.5 45.3 42.2 

lEased on s t a r t i n g  d r y  w e i g h t  o f  c e l l u l o s e  

C o n s i s t e n t  w i th  t h e  r e s u l t s  f o r  r a t e s  of t o t a l  a c i d s  produced shown i n  F i g u r e  
4, i t  took  a l o n g e r  t i m e  t o  reach t h e  maximum y i e l d s  s t a r t i n g  w i t h  s t a r c h  
compared t o  c e l l u l o s e .  The maximum y i e l d s  o f  t h e  i d e n t i f i e d  p r o d u c t  a c i d s  a t  
each temperature were q u i t e  s i m i l a r  f o r  s t a r c h  and c e l l u l o s e  s t a r t i n g  
m a t e r i a l s .  The t i m e  r e q u i r e d  t o  reach  t h e  maximum y i e l d s  decreased as 
temperature increased.  The t r a d e - o f f  i s  t h e  h i g h e r  o p e r a t i n g  p ressu re  a t  
h i g h e r  temperature.  The t o t a l  y i e l d s  o f  t h e  i d e n t i f i e d  a c i d s  appear t o  reach  
an optimum a t  app rox ima te l y  280°C f o r  b o t h  s t a r c h  and c e l l u l o s e .  

The s i m i l a r i t y  i n  maximum y i e l d s  f o r  t h e  i d e n t i f i e d  p r o d u c t  a c i d s  f r o m  
s t a r c h  and c e l l u l o s e  suggests s i m i l a r  or i d e n t i c a l  r e a c t i o n  pathways. The 
s lower  r a t e  f o r  a c i d  f o r m a t i o n  f r o m  s t a r c h  c o u l d  be e x p l a i n e d  by d i s s o l v e d  
s t a r c h  polymer o r  p a r t i a l l y  degraded s t a r c h  polymer i n t e r f e r i n g  w i t h  
a d d i t i o n a l  deg rada t ion  of  i n i t i a l  conve rs ion  p roduc ts ,  The g r e a t e r  ease w i t h  
which s t a r c h  polymer d i s s o l v e s  i n  a l k a l i n e  s o l u t i o n  compared t o  c e l l u l o s e  i s  
c o n s i s t e n t  w i t h  t h i s  p o s s i b i l i t y .  

A l though s i g n i f i c a n t  amounts o f  o t h e r  o r g a n i c  a c i d s  a r e  produced, l a c t i c  
a c i d  i s  t h e  major  p r o d u c t  f o r  t h e  r e a c t i o n  c o n d i t i o n s  s t u d i e d .  As w e l l  as 
hav ing  numerous d i r e c t  uses, l a c t i c  a c i d  has t h e  p o t e n t i a l  o f  b e i n g  an 
i m p o r t a n t  i n t e r m e d i a t e  i n  t h e  p r o d u c t i o n  of o t h e r  v a l u a b l e  p roduc ts  (12,  13 ) .  
P r e l i m i n a r y  economic a n a l y s i s  i n d i c a t e s  t h a t  p r o d u c t i o n  o f  l a c t i c  a c i d  f r o m  
a l k a l i n e  degrada t ion  of c e l l u l o s e  has economic m e r i t  ( 9 ) .  It i s  a l s o  
conce ivab le  t h a t  a l l  t h e  hydroxy a c i d s  produced c o u l d  be used t o g e t h e r  w i t h o u t  
s e p a r a t i o n  t o  produce p o l y e s t e r  m a t e r i a l s .  

CONCLUSIONS 

S ta rch  and c e l l u l o s e  can b o t h  be the rmochemica l l y  degraded i n  a l k a l i n e  
s o l u t i o n  t o  water  s o l u b l e  compounds o f  r e l a t i v e l y  l ow  m o l e c u l a r  w e i g h t .  ( A  
p a r a l l e l  s tudy  examines more comp le te l y  t h e  n a t u r e  o f  t hese  compounds ( 1 4 ) . )  
Both s t a r c h  and c e l l u l o s e  degrada t ion  processes can be desc r ibed  by 
second-order k i n e t i c s ,  w i t h  t h e  hyd rox ide  i o n  c o n c e n t a t i o n  determined by t h e  
s t o i c h i o m e t r y  o f  po l ysacchar ide  convers ion  t o  o rgan ic  a c i d s .  The 
thermochemical deg rada t ion  a c t i v a t i o n  energy i n  a l k a l i n e  s o l u t i o n  f o r  b o t h  
s t a r c h  and c e l l u l o s e  i s  39,500 ca lo r i es /mo le .  
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The p r o d u c t i o n  of o r g a n i c  a c i d s  f rom s t a r c h  proceeds more s l o w l y  than  f rom 
c e l l u l o s e .  U l t i m a t e l y .  however, t h e  y i e l d s  of a c i d s  a r e  q u i t e  s i m i l a r  f rom 
bo th .  Formic,  a c e t i c ,  g l y c o l i c ,  l a c t i c .  2 -hyd roxybu ty r i c ,  2 -hyd roxy i sobu ty r i c  
and 2 -hyd roxyva le r i c  a c i d s  a r e  produced i n  s i g n i f i c a n t  amounts. The maximum 
y i e l d  o f  l a c t i c  a c i d  i s  app rox ima te l y  20%. and t h e  maximum sum t o t a l  y i e l d  o f  
a l l  i d e n t i f i e d  a c i d s  i s  a p p r o x i m a t e l y  45% f o r  t h e  c o n d i t i o n s  i n v e s t i g a t e d .  

I n c r e a s i n g  t h e  y i e l d s  o f  t h e  d e s i r a b l e  a c i d s  produced f rom t h e  
thermochemical, a l k a l i n e  degrada t ion  o f  po l ysacchar ides  w i l l  r e q u i r e  
a d d i t i o n a l  unders tand ing  o f  t h e  r e a c t i o n  mechanisms and k i n e t i c s  i n v o l v e d .  
A d d i t i o n a l  research  shou ld  a l s o  proceed t o  de te rm ine  t h e  e f f e c t  o f  o t h e r  bases 
and supp lemen ta t i on  o f  a l k a l i  c a t a l y s i s  by  o t h e r  c a t a l y t i c  m a t e r i a l s .  
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Figure 1 .  Effect of time on thermochemical degradation o f  starch in alkaline 
solution according to Eq. 3. 
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Figure 2. Effect of time on thermocnemical degradation of cellulose in 

alkaline solution according to Eq. 3. 
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F igure  3 .  R e l a t i o n  of  second-order r e a c t i o n  r a t e  constants f o r  starch  and 
c e l l u l o s e  t o  temperature according t o  Arrhenius equat ion.  
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E f f e c t  o f  t ime  on organic a c i d  product ion from thermochemical 
degradat ion  o f  s ta rch  and c e l l u l o s e  i n  a l k a l i n e  s o l u t i o n .  
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